Abstract: Rift Valley fever (RVF) is a zoonotic, mosquito-borne viral disease that affects human health and causes significant losses in the livestock industry. Recent outbreaks have led to severe human infections with high mortality rates. There are many challenges to applying effective preventive and control measures, including weak infrastructure of health facilities, lack of capacity and support systems for field logistics and communication, access to global expert organizations, and insufficient information on the epidemiological and reservoir status of the RVF virus. The health systems in East African countries are underdeveloped, with gaps in adaptability to new, more accurate and rapid techniques, and well-trained staff that affect their capacity to monitor and evaluate the disease. Surveillance and response systems are inadequate in providing accurate information in a timely manner for decision making to deal with the scope of interrupting the disease transmission by applying mass animal vaccination, and other preventive measures at the early stage of an outbreak. The historical vaccines are unsuitable for use in newborn and gestating livestock, and the recent ones require a booster and annual revaccination. Future live-attenuated RVF vaccines should possess lower safety concerns regardless of the physiologic state of the animal, and provide rapid and long-term immunity after a single dose of vaccination. In the absence of an effective vaccination program, prevention and control measures must be immediately undertaken after an alert is generated. These measures include enforcing and adapting standard protocols for animal trade and movement, extensive vector control, safe disposal of infected animals, and modification of human-animal contact behavior. Directing control efforts on farmers and workers who deal with, handle, or live close to livestock, and focusing on areas with populations at high risk of an epidemic are desirable. Consideration of prevention methods as a first-line strategy against RVF is practical owing to the absence of a human vaccine, particularly under the current high environmental risks and expanding global travel and animal trade. Universal platforms are needed to support coordinated efforts; alert and response operations; exchange of expertise; and disease detection, diagnosis, control, and prevention.
Introduction
Rift Valley fever (RVF) is an important, neglected, zoonotic, mosquito-borne viral disease that causes severe human illness and death, as well as significant economic losses in the livestock industry. The disease is caused by RVF virus (RVFV), an arbovirus of the Bunyaviridae family. 1, 2 The virus is known to infect different animal hosts, particularly sheep, cattle, and goats. 2 Infection by RVFV usually spreads in animals first via mosquito bites. 2 From animals, the virus is transmitted to humans through direct contact, such as contact with the raw products or secretions of infected animals. 3, 4 The 2 Himeidan virus can also be transmitted by aerosols from blood and other infected body fluids, and infections are frequent among virologists, veterinarians, and slaughterhouse workers. 5, 6 Though infrequent, vertical transmission also occurs among both humans and animals. 7 In rare cases, Anopheles, Aedes, and Culex mosquitoes can transmit the virus to humans. 8, 9 Aedes mosquitoes are considered to be the major maintenance host and source of RVFV outbreaks. [10] [11] [12] [13] It has been confirmed that RVFV is carried in Aedes mosquito eggs, which can survive in dried mud for several years. 14 Transovarial transmission of RVFV depends on certain ecological conditions that enable the virus to survive in water while infected eggs hatch to become adult mosquitoes. 15 However, these ecological conditions cannot fully explain why RVFV outbreaks do not occur at random but rather show a close association with heavy rainfall, mainly the El Niño-Southern Oscillation, as well as sea surface temperature anomalies in the Indian and Pacific Oceans. 16 Whereas the role of the Aedes mosquito in outbreak initiation is fundamental, virus amplification and circulation can also occur via Culex and Anopheles mosquitoes. 4 In East Africa, the complexity of the epidemiological pattern of the disease is owing to the fact that different mosquito species can serve as epidemic/epizootic vectors of RVFV. 17 Recent RVF outbreaks have been characterized by severe infection and death in humans, with a high case-fatality rate (CFR) of 50% for the hemorrhagic syndrome form. 18 Recent East African outbreaks in Tanzania, Kenya, and Somalia caused 478 human deaths in 1998 and 309 in 2007. [19] [20] [21] In Saudi Arabia, the first recorded outbreak occurred in 2000, resulting in 883 human cases with 124 deaths (CFR 14%) in that country 22 and 1,328 human cases and 166 deaths in neighboring northwestern Yemen. [23] [24] [25] During the 2007 outbreak in Sudan, 698 cases and 222 deaths were recorded. 26 It is clear that the epidemiological pattern of recent RVFV outbreaks has changed to resulting in more severe illness and high fatality rates among humans. [27] [28] [29] In addition, the disease can result in negative consequences to the livestock, and other sectors of the economy. For example, the 2006/2007 RVFV outbreak resulted in losses of over 60 million USD, equivalent to the annual value of livestock trade between East African countries. 30 The 2007 outbreak in Sudan led to bans on livestock exports to Saudi Arabia, which had a massive economic impact on trade between the two countries. 31 RVFV possesses great potential to spread to new regions, with the disease extending from East Africa (Kenya, Somalia and Tanzania) to Madagascar Island in 1991 [32] [33] [34] [35] [36] and to Saudi Arabia and Yemen on the Arabian Peninsula in 2000. 37 This situation calls for collaboration between different regional and governmental health and agricultural sectors, as well as local and international organizations and institutions, to set up practical and integrated approaches so as to mitigate RVFV transmission and to control its spread during outbreaks. It is important to illustrate the main challenges and difficulties that lead to increased human cases and death. These need to be properly addressed and corrective actions should be incorporated into an effective health system for predicting and controlling RVFV. This article aims to bring to the fore information on the challenges experienced in this regard and to describe future prospects for managing the disease.
Opportunities for predicting RVF outbreaks
RVF has proven capable of emerging in new areas, or reappearing after long periods of dormancy. The reemergence pattern of RVFV in Eastern Africa is associated with the El Niño-Southern Oscillation phenomenon, which causes heavy rainfall during its warm phase. Such excessive rainfall usually causes mosquito vector populations to increase and as a consequence, significantly enlarges reservoirs of the pathogen. It is well documented that all RVF outbreaks reported in Tanzania from 1930 to 2007 were found to occur during, and after El Niño events, ie, between December and June. 38 The use of satellite imagery and weather and climate forecasting models to develop early warning systems for the prediction of RVF are seen as a sophisticated method to successfully alert national authorities, who can implement key measures for the prevention of impending epidemics. The outbreaks of late 2006 and the first half of 2007 were predicted, for the first time, with acceptable accuracy for the coastal countries of Eastern Africa (Kenya, Somalia, and the United Republic of Tanzania). 39, 40 The disease reemerged in September 2007 in Sudan following excessive rainfall driven by a post-El Niño and unusually warm sea temperatures in the Indian Ocean. 40 At the same time in 2007 and 2008, the disease also affected countries in Southern Africa ( Swaziland and South Africa) and islands in the Indian Ocean (the Comoros, Mayotte, and Madagascar). [41] [42] [43] The forecasting models used, which were based on satellite measurements of elevated sea surface temperatures, elevated rainfall, and satellite-derived normalized vegetation index data available on a continental scale, proved to be efficient in generating early warnings, before the onset of outbreaks. 40 Using the case of the 2007 RVF outbreak in Sudan as an example, the first early warning alert generated by the model through satellite monitoring was issued in early June 2007. The forecast excessive rainfall took place in July and August 2007 and caused severe flooding in the central states of the country. 44 The first suspected human RVF cases appeared in the southern areas of Algabalain locality in White Nile State and were reported in September 2007, 3 months later. 40 The symptom seen among these suspected human cases was hemorrhagic fever, with rapid death. All cases reported during the early part of the outbreak dispersed and did not reach any health facilities. 45 In general, few or poor health infrastructure facilities are available in these rural areas, a fact that appears to be the main cause for the high fatality rate. Samples from suspected RVF cases must be sent to the National Medical Health Laboratory in Khartoum for diagnostic testing by serological methods, using mainly antigen-capture enzyme-linked immunosorbent assay (ELISA) for confirmation. Serological testing requires time for antibodies against the virus to be produced, and usually depend on cross-reactivity in the susceptible host. Some cases may die before diagnostic testing is complete, particularly if a patient reaches a health facility in late stages of the disease. Routine use of reliable, sensitive, and rapid methods for detection of the virus, such as molecular-based techniques, are critical for an effective surveillance system that acts as a fundamental key to successful prevention and control programs. The lack of efficient surveillance systems in Sudan, as in other countries of East Africa, was the reason behind the late confirmation of the first human index case on 8-14 October, 2007 (Week 41, 2007 ; 40 the RVF outbreak came to public attention when the World Health Organization (WHO) joined the Federal Ministry of Health in Sudan on October 24, to investigate a suspected case of hemorrhagic fever in the White Nile State of Central Sudan. Based on the initial results, an RVF outbreak was declared on October 28, so as to request further assistance with implementation of the key control measures. 27 In early November when the outbreak reached its peak in humans, an announcement was made regarding RVF outbreak in animals. 46 Through entomological and epidemiological data in human and livestock populations, it has been confirmed that the recent RVF outbreaks in the Horn of Africa, Sudan, and Southern Africa were predicted using a risk model, with marginal times of 2-4 months. 40 The overall performance of the model showed that the best reported risk mapping was achieved in East Africa (Kenya, Somalia, and Tanzania) with 65% of human cases mapped, followed by Sudan with 50%, Madagascar with 23%, and Southern Africa with 20%. 40 The performance of the risk prediction model was linked to a combination of several factors including epidemiological data and surveillance of livestock and human cases, animal movements and migration, and the RVF potential epizootic area mask. 40 Developing this model was a critical step despite some difficulty in generalizing the model to dissimilar ecological areas as other important factors that had not yet been incorporated into the current model, ie, effects of immunity and human-animal interactions, and effects of control interventions. The model considered only livestock, and Aedes and Culex species as mosquito vectors. Work is currently underway to extend the model to include the spatial distribution of RVFV, vaccination, vector control, livestock movement, and other potential prevention measures with human health implications. 47 In addition to the previously mentioned efforts, the Food and Agricultural Organization (FAO) of the United Nations and WHO held a joint meeting in September 2008 and issued the following recommendations: 1. Improvement is needed with regard to forecasting models, to be more specific and accurate, and to include potentially major RVF outbreak areas. 2. Models should be developed that are capable of generating an alert 6 months before the onset of an outbreak in animals. 3. RVF risk maps for potential outbreak areas should be used to evaluate RVF outbreaks over time. 4. There should be more involvement of different associated governmental departments, such as meteorological, health, and agricultural agencies in the development of prediction and alert systems. 48 Compliance with these recommendations is crucial to maximizing the potential of models to provide robust guidance for decision makers at both national and international levels. 47 
Challenges for timely implementation of key prevention and control measures
From the experiences of recent outbreaks, it has become clear that a large gap exists between model-generated risk warnings and implementation of prevention and control measures. In Sudan, for example, the first early warning alert for the 2007 RVF outbreak was issued in Week 25 (2007) (2007) .The long lead times between generation of an alert and confirmation of the first index case reflect the inefficiency of surveillance and control systems in these countries. 40 The window of time from alert generation to recognition of the first human case, 2-4 months or more for East Africa (Kenya, Somalia, and Tanzania) and Sudan, is insufficient for effective system communication, efficient response, and timely implementation of appropriate actions to mitigate the disease transmission cycle at an early stage and thereby minimize human infections and deaths. As a result, a cumulative total of 698 cases and 222 deaths were recorded in early January 2008, at the end of the outbreak in Sudan. Because of the lack of a timely response to the alert, the outbreak spread from its origin in White Nile to neighboring states, mainly Gezira and Sennar, where the outbreak had a devastating effect on the local population, yielding an overall CFR of 31.8%. 49 This outbreak was the first epidemic in Sudan reported among humans and was associated with heavy rainfall and flooding. 50 If the transmission cycle had been interrupted at its origin by mass animal vaccination, restricted animal movements, and intensive vector control before outbreak onset, the subsequent high number of cases and deaths could likely have been avoided.
The historical use of vaccines based on either the liveattenuated Smithburn virus or on inactivated whole virus was limited to Sub-Saharan Africa. All currently available vaccines are based on the live-attenuated Smithburn strain of the RVF virus. The vaccines based on 103 and 106 mouse brain passage levels produced in cell culture using baby hamster kidney (BHK) cells have been commercialized by Onderstepoort Biological Products (OBP) in South Africa since 1952, and by the Kenya Veterinary Vaccines Production Institute since 1960, respectively; these two vaccines have been widely used in Africa. 51 New live-attenuated vaccine candidates such as the MP-12 vaccine, a recombinant RVFV that contains deletions in two of the three genome segments, as well as the clone 13 vaccine, are in advanced stages of testing and development. MP-12 has shown effective immunogenicity in late-gestation sheep and young lambs, however, its margin of safety remains in question -extensive vaccination trials using this vaccine have resulted in abortions and/or severe teratogenicity. 52 The clone 13 vaccine is registered in South Africa with very good safety and efficacy in cattle and sheep. 52 The former vaccine is unsuitable for use in newborn and gestating livestock, and the latter requires a booster and annual revaccination, which is logistically near impossible in the region. Additional new vaccines are expected to reach the market in the coming decade. It is generally agreed that novel vaccines should be safe regardless of the physiologic state of the animal, affordable, and should provide rapid and long-term immunity after a single dose of vaccine. 53 To effectively control the transmission of RVFV by vaccination, animals in high risk areas must be vaccinated early, within the window of susceptibility to infection (ie, the first 4-6 weeks after a risk warning has been generated for the area), for the vaccinated animal population to develop sufficient immunity against the virus. 54 In the absence of an effective vaccination program, intensive vector control should target the primary infected mosquito populations before virus amplification and circulation takes place among animals, to significantly diminish virus reservoirs and the number of animal and human cases. Aedes mosquito populations are vital to maintaining RVFV and initiating infection; nevertheless, effective vector control programs should be designed to target all mosquito vector species, particularly those of the Culicinae subfamily, owing to their critical role in amplification of the virus during epidemics. 55 However, timely implementation of effective vaccination and vector control programs requires establishment of efficient and reliable surveillance and communication systems.
In discussions regarding the RVFV outbreaks in Sudan and East Africa, the FAO and WHO concluded that despite the generation of warnings, implementation of preventive measures and key control strategies in this context were difficult. 48 The challenges faced can be attributed to one or more of the following factors: 1. Gaps in the domains of established standard operating procedures for alerts and control responses as well as the monitoring and evaluation of RVF.
Lack of procedures for local and international operations
and communications, ie, field information management systems. 3. Absence of well-organized and trained national leaders and teams for vector surveillance, virus reservoir investigation, and outbreak response. Protocols for rapid deployment of international experts also do not exist. 4. Lack of field support systems including logistics capacity support packages. 5. Lack of established international and regional partners and a network of experts to support and provide direct assistance to affected countries.
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Rift valley fever: challenges and prospects 6. Difficulty in sourcing funds for vaccines; mobile laboratory equipment, supplies, and reagents; and rapid molecular and serological assays for the detection of different viruses and strains. These fundamental materials and tools are unavailable locally and procedures are lacking for health care agencies to affect their provision in a timely, efficient, and cost-effective manner. 7. Challenges with regard to transportation to remote and inaccessible field locations for sample and data collection, which subsequently led to insufficient information regarding clinical and epidemiological disease status. These gaps in the core capacities of health systems, including logistics and other fundamental functions of outbreak response programs, must be addressed so as to adequately respond to outbreak alerts and implement necessary control measures in a timely fashion.
Challenges to controlling risk factors and surveillance of RVF virus
During an RVF outbreak, it is generally accepted that direct contact with animals and animal products are the main risk factors. 45 During a 2010 outbreak in Sudan, an increase of abortions was noticed in ewes, and the disease was first recognized in people with histories of close contact with aborted fetal material. 56 Consumption or handling of raw animal material infected with RVFV, including contact with an aborted animal fetus or working as a herdsman, has been shown to be the primary risk factors for severe RVF infection in Kenya and South Africa. 40, 57 A study in Sudan also concluded that most affected farmers had frequent close contact with infected animals, including in the farmers' living quarters. 4, 58 Avoiding direct or indirect contact with animals during an RVF outbreak 2 is therefore one of the most important challenges to be faced, particularly in rural areas. It is very important in such cases to increase consciousness about the risk factors of RVF infection and encourage farmers and others at risk, to use protective means to prevent unsafe contact with infected animals or animal materials during an outbreak. WHO recommends that public health awareness strategies should focus on reducing unsafe human-animal contact associated with animal husbandry and slaughter practices. Such information should indicate specific recommended personal protective equipment (PPE) and clothing to be worn, particularly when handling sick animals. Appropriate use of PPE, such as the N95 mask (after passing a fit test), is more effective than a face shield or surgical mask, which do not offer appropriate protection. Despite delivery of detailed information, these personal protective tools may not be used effectively or might not be present and available in time for use by persons at risk of infection. This highlights the difficulty in protecting local populations once RVFV is actively emerging and spreading. In such cases, transmission arising from contact with animal products, such as the consumption of fresh blood, raw milk, or animal tissue, must be urgently controlled. In regions with the greatest potential risk, all animals should be vaccinated and animal materials handled carefully and systematically, such as by cooking meat very well before eating. Public awareness programs to deliver information about such protective measures should also address ways to prevent mosquito bites, a source for transmission of the virus from an infected animal. The use of long-lasting insecticidal nets is important in providing community protection against mosquito vectors. Personal means of protection such as by using insect repellents; wearing treated clothing, long-sleeved shirts, and trousers; and avoiding evening and early-morning outdoor exposure are also effective. Despite the fact that most RVFV patients recover without long-term sequelae, up to 10% of the patients may develop full or partial blindness. It is therefore critical to address the above challenges during an outbreak, to successfully reduce human risks for infection. Unfortunately, communication of such public health messages in the East African countries and Sudan is often ineffective owing to political pressure to prevent regulation or other measures seen as harmful to the livestock industry and trade. This situation may lead to delays in taking important RVFV control measures, which can result in increased human disease and deaths.
Restricted animal movement during an outbreak inside the affected country is another important challenge. Animal trade and movement remains a serious risk factor for introducing the virus into neighboring areas and even across borders, resulting in the spread of disease to neighboring countries. This is often the case among East African countries. For example, multiple RVFV strains grouped into Kenya-1 or Kenya-2 sublineages that defined the Eastern Africa outbreak in 2006-2008 were found during the 2007 and 2010 outbreaks in Sudan, suggesting multiple introductions of RVFV from East Africa. 56, 59 The movement of animals to market locations is responsible for the spread of the 2007 outbreak from White Nile to the states of Gezira, Sennar, Khartoum, and Kassala in that country. Movement of an infected animal represents the most important risk factor for expanding the geographical distribution of RVFV, not only inside one country as in Sudan 60 but also to other countries, 63 The same virus strain that caused the 1997-1998 outbreaks in East Africa was confirmed to have caused the Saudi Arabia outbreak. 64 Saudi Arabia is the country, in this region, with the most importation of live animals from East Africa and Sudan. According to Saudi regulations, all imported ruminants must be vaccinated in the exporting countries before shipment. However, a recent study indicated that the rules covering importation and quarantine of live animals are not followed effectively. 65 Among animals imported into Saudi Arabia from Sudan, 21.21% tested positive for anti-RVFV IgG antibodies; among those from Somalia, 6.11% were seropositive. The study also showed that no animal had an available vaccination history. 65 This calls for reinforcement and strict follow-up of established regulations to ensure that the spread of RVFV can be well controlled.
The emergence of RVF should lead to animal export bans owing to inclusion of the disease on the World Organisation for Animal Health (OIE) notifiable disease list A, and international regulations or regional protocols for required conditions must be instated for livestock trade. However, the solution to the problem is most likely a political one rather than establishment of regulations and protocols. For example, announcing an outbreak in East Africa and Sudan has great potential to result in food insecurity owing to an indirect negative impact on pastoralists' socioeconomic life. This is supported by the fact that more than 40% (∼70 million) of people in Kenya, Somalia, and Tanzania suffer from chronic food insecurity. 66 The governments of these regions therefore exercise great caution when deciding whether to announce an RVFV outbreak. According to the OIE prevention requirements, other countries should not import any vulnerable animal from a country considered to have been infected by RVF within the last 3 years. However, countries in the region vulnerable to the disease have nonexistent or very weak animal movement control systems in most areas.
Veterinary-based surveillance systems and animal trade regulations should be reinforced so that early detection and preventive action can be undertaken. Veterinary surveillance is a critical factor for the current rules of the global economy and international regulations owing to having the responsibility for collecting, analyzing, and delivering epidemiological data and launching the required preventive actions. Epidemiological surveillance systems are fundamental to identifying appropriate processes and techniques for assessment of such veterinary services. The quality of the information delivered by surveillance and accuracy of the methods involved in a system could be used as indicators when assessing and validating such animal health systems. It is clear that even in countries that are considered underdeveloped, veterinary systems and services should play a fundamental role in providing information in a transparent, accurate, and timely manner for decision making at regional and international levels. Clear guiding policies, effective organizational structures, effective communication and information systems, adaptability to new and more accurate techniques, proper allocation of acceptable budgets, well-trained staff, and rigorous intensive research are considered to be indispensable requirements for building reliable veterinary surveillance and service systems. These essential elements are nearly nonexistent or very ineffective in most countries that represent possible sources for an RVF outbreak.
Future prospects
Currently, RVFV is limited to Africa and the Arabian Peninsula, but the virus has demonstrated clear characteristics that might place nations outside its current borders at risk. 20, 67 Infection by the virus often results in significant loss of livestock and severe illness and high fatality rates among humans; however, there are presently no licensed, commercially available human vaccines. Future live-attenuated RVF vaccines should possess lower safety concerns than the current vaccines. 68 In the absence of the development of a safe and effective vaccine, adequate standardized detection and diagnostic procedures and reliable surveillance systems are crucial under the current situation of high environmental risks. The gradual introduction of RVFV to new regions and continents would severely damage and adversely affect human and animal health, as well as the livestock and other economic sectors. 69 The probability of RVFV emergence in new areas is likely to increase because the geographical range of the virus has been shown to have extended in recent years. It has been proposed that a single infected animal entering a naïve country is sufficient to induce a severe outbreak before RVFV would be detected. 70 Unless mass vaccination becomes widely available for use in East African livestock, RVFV will likely continue to be a real threat to human and animal health. Mass vaccination may become critical for significant growth in international trade. There is an increased potential for the transfer of the sporadic pathogen from one continent to another, either 
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Rift valley fever: challenges and prospects through vector transport or the trade of ruminants or infected wild animals during an epizootic in endemic countries, particularly when viremia levels are high. 71 This becomes of greater importance in view of the fact that dependence of the RVFV-vector interaction on environmental conditions indicates that projected climate change could possibly extend the geographical distribution and climatic conditions suitable for virus transmission. With the potential for greater risks under ongoing climate change, increased global travel, and expanding regional and international trade, priority should be given to prevention measures as the first lines of defense against this disease.
71
Early detection and containment of RVF at its geographical origin should be a global goal, to interrupt transmission and eliminate or eradicate this disease. The current passive case surveillance systems in regions where this virus commonly originates are incapable of early detection and rapid reporting of infections. Universal platforms are urgently needed to support current surveillance systems and meet needs with respect to the provision of vaccines, antiviral agents, and trained staff and to establishing critical diagnostic tests and procedures. Reliable and validated modeling and analytic tools are essential to support informed policy and decision making by industry and government. Modeling may be extended to evaluating the current control strategies, approximating the potential spatial distribution of the disease, and estimating the economic costs of possible introduction of RVFV into new territories. 47 Prevention and control measures that should be undertaken immediately after an alert is generated include enforcing and adapting standard protocols for animal trade and movement, extensive vector control that targets both adult and larval stages, mass vaccination of livestock if applicable, safe discarding of infected animals, and modification of human-animal contact behavior via knowledge transfer by education and outreach. Focusing control efforts on farmers and workers who deal with, handle, or live near livestock would be highly cost-effective. Interruption of the transmission cycle without mass vaccination at outbreak onset is likely to be impossible even with extensive effective vector control aim to keep mosquito vector populations at minimum levels. In this manner, infected female mosquitoes can be eliminated and amplification of RVFV among viremic host animals could be significantly reduced. Shrinking potential virus reservoirs in animal and vectors at the start of an outbreak requires mass vaccination and intensive, targeted vector control programs. Minimizing unsafe human-animal contact in the early stages of an outbreak is also necessary and requires dissemination of simple but clear information throughout areas where an outbreak may occur and adversely effect the local population. Components that are critical for future management of this disease include a review of current research, assessment of current control approaches and strategies, as well as effective training of scientists, field teams, and early responders. 47 
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